Analysis of field-emission from a diamond-metal-vacuum triple junction J. Appl. Phys. 112, 066102 (2012) Ultra-high current density carbon nanotube field emitter structure on three-dimensional micro-channeled copper Appl. Phys. Lett. 101, 063110 (2012) Shot noise of low energy electron field emission due to Klein tunneling J. Appl. Phys. 112, 016104 (2012) Direct observation and mechanism of increased emission sites in Fe-coated microcrystalline diamond films J. Appl. Phys. 111, 124309 (2012) Additional information on J. Appl. Phys. Dense arrays of vertically aligned multiwalled carbon nanotubes (MWCNTs) have been seeded with a nanodiamond suspension in methanol using electrospray deposition. This treatment caused the tips of groups of 20-40 MWCNTs to stick together forming structures resembling "teepees." Subsequent short chemical vapour deposition experiments using standard diamond-growing conditions allowed the nanodiamond seeds to grow into a thin continuous film, locking the teepee structures into this shape. Field emission tests show that these diamond-coated carbon nanotubes (CNTs) teepees retain the low threshold voltage of the uncoated CNTs but with greatly improved emission stability and lifetime.
I. INTRODUCTION
The use of carbon nanotubes (CNTs) as electron sources for field emission (FE) applications has generated wide interest since their identification in 1991. FE has been investigated from individual nanotubes 1, 2 and from CNT ensembles, [3] [4] [5] with low threshold voltages and high efficiencies being generally observed, 6 partly as a result of the high electrical conductivity of the nanotubes but also due to the extremely high geometrical field-enhancement effect at the nano-sharp tip. 7 However, the poor lifetime and erratic stability of the emission current from these sources have been one of the chief obstacles preventing their commercial viability. 8 When CNT field emitters operate under moderate vacuum conditions they suffer from long-term degradation due to the adsorption of gas molecules on their surface, resulting in tip "burn-out" and the emission ceasing. 9 To overcome this shortcoming, other materials have been investigated as potential field emitters, including wide-band gap materials, such as diamond, aluminum nitride, boron nitride, and lithium fluoride. [10] [11] [12] [13] Of these, diamond films made by chemical vapour deposition (CVD) are perhaps the most promising, owing to their negative-electron-affinity (NEA) surfaces with low effective work functions. [14] [15] [16] [17] The FE properties of diamond can be enhanced by reducing the grain-size, 18 doping it with boron to increase its conductivity, 19 modifying the surface chemistry with different functional groups (such as CsO 20, 21 or LiO 22 ) to alter the NEA, and/or fabricating the diamond into sharp tips to increase the field enhancement factor. 23 However, despite these efforts, the relatively poor conductivity of CVD diamond, its columnar grain structure, the difficulty in making low-resistance back contacts, and processing difficulties, have meant that diamond-based FE devices usually have higher threshold voltages and are less efficient when compared with the equivalent CNT-based FE devices. 16 Nevertheless, diamondbased FE devices do not suffer tip burn-out to the same degree as CNT devices, and therefore have considerably longer lifetimes.
The purpose of the work reported here was to combine the excellent conductivity of CNTs with the robustness and long lifetime of a diamond surface, to create highly efficient, yet long-lived FE devices. There are several recent reports on development of such hybrid materials comprising diamond and CNTs. [24] [25] [26] [27] [28] [29] Although some success has been reported in increasing the time to burn-out by these methods, the FE characteristics were generally not greatly improved due to the fact that the CNTs were randomly oriented and often lying down on the substrate surface. Our approach is to put a thin CVD diamond coating onto vertically aligned CNTs, which requires three stages: (i) deposition of dense vertically aligned CNTs, (ii) seeding the CNT tips with nanodiamond particles to encourage diamond growth, and (iii) depositing CVD diamond sufficient to form a thin coating without completely embedding the CNTs within the diamond film.
II. EXPERIMENTAL
Preliminary experiments were performed upon singlewalled CNTs. Unfortunately, standard CVD diamond conditions are designed to etch graphitic material back into the gas phase while simultaneously depositing diamond. 30 As a result, we found that singlewalled CNTs often completely etched away before a continuous diamond coating could form on the surface. Multiwalled carbon nanotubes (MWCNTs) are more robust, and although some etching will occur, they can withstand the CVD conditions long enough for a continuous diamond coating to form, at which point the graphitic CNT is shielded from the reactive etchant gas allowing the diamond growth to continue indefinitely. The MWCNTs were grown in a dc plasma enhanced (PE) CVD reactor. After ultrasonically cleaning the singlecrystal Si (100) substrate material using acetone and isopropanol, a 40 nm layer of SiO 2 followed by a 7 nm layer of Ni was sputtered onto the surface. The SiO 2 acted as a protective layer to prevent the Ni catalyst reacting with the Si to form Ni x Si y . These substrates were then placed inside the CVD reactor chamber and the temperature raised to 970 K in a gas mixture of C 2 H 2 /NH 3 (50 sccm/200 sccm) for 10 min. This caused the Ni coating to partially melt and form isolated Ni nano-particles positioned randomly across the surface, which acted as catalysts upon which the CNTs could nucleate. A dc bias was set at 650 V to ensure that the CNTs grew vertically aligned with respect to the substrate surface. The length, diameter, and density of the CNTs could be varied by changing the growth conditions; the variation in FE characteristics with these properties will be presented in a subsequent publication. For now, we shall focus on one representative set of vertically aligned CNTs of length $5 lm, width 20-50 nm, and areal density $1 Â 10 9 cm À2 , as shown in Figure 1 . The CNTs each have a small amount of residual catalyst embedded at the growth tip (Figure 1(c) ).
In order to promote CVD diamond growth, the CNTs were seeded using a suspension of 5 nm-diameter detonation nanodiamond (DND) particles 31 in a suspension of methanol. The DND particles had previously been acid cleaned and sonicated for an hour to break up any aggregates. The DNDmethanol colloidal suspension was then sprayed onto the surface of the CNT array using a home-built electrospray system. 32 The electrostatic spray ("electrospray") deposition technique uses a large potential difference to ionize nucleating particles (or droplets containing the particles) via the corona effect and accelerates them towards a grounded substrate. Approximately, 1 ml of the colloidal suspension was placed in a plastic syringe located on the outside of an insulating box, as shown in Figure 2 . The metal syringe needle passed through the wall of the box by turning through 90 and once inside the box bends upwards to point the nozzle toward the substrate. A 35 kV bias was applied to the metal tip of the nozzle which was sufficient to ionize the droplets without becoming unstable and arcing. The Si substrate containing the CNT array was positioned $50 mm away from the nozzle on a rotating conducting mount. The mount was well grounded, ensuring that ionized aerosols emanating from the nozzle would be attracted along electric field lines towards the substrate. Rotating the substrates on the mount at up to 1500 rpm enabled uniform layers to be deposited onto substrates up to 4 cm in diameter. The potential difference pulls the suspension through the capillary, removing the need to apply a driving pressure, while charging prevents the droplets coalescing. Adjusting the nozzle-to-substrate distance is a crucial parameter, since this determines how much of the methanol evaporates from the droplets during flight. For coating CNT arrays, we found that $75% evaporation was optimum. Less than this and too many CNTs would stick together forming flattened patches or "splashes"; more than this, and mostly dry DND particles would strike the CNTs leading to none of the CNTs sticking together.
III. RESULTS Figure 3 shows scanning electron microscope (SEM) images of the CNT arrays following electrospray seeding. The remaining methanol in the droplets striking the top surface of the CNT array has wetted the CNTs, and electrostatic attraction has then clumped several tips together to meet at a point, forming a structure resembling a Native American "teepee." The number of CNTs forming each teepee depends upon their areal density. This chosen set of CNTs with areal density $1 Â 10 9 cm À2 results in 30-40 CNTs clumping together with a teepee density of $10 7 cm
À2
. The teepees are stable in air for several weeks. The role, if any, played in this clumping process by the metallic catalyst embedded within each CNT tip is under investigation. The seeded teepee structures were then placed into a hot-filament CVD reactor in order to grow a thin layer of diamond over the surfaces of the CNTs. Standard diamond CVD conditions 28 were used: pressure 20 Torr, 1%CH 4 /H 2 gas mixture, total flow 200 sccm, Ta filament placed 5 mm above the substrate surface, filament temperature 2400 K, substrate temperature $1200 K. The growth times were kept short, between 30 min and 1 h, to ensure that only a thin film of diamond was formed as a protective layer on top of the teepees, as shown in Figures 4(a) and 4(b) , and to avoid the teepees being completely embedded within a thicker film, as in Figure 4 (c). Other samples were made using 5000 ppm B 2 H 6 in the gas mixture to produce B-doped p-type diamond with near metallic conductivity, and with teepee morphology similar to those for the undoped films shown in Figures 4(a)  and 4(b) .
Laser Raman analysis ( Figure 5 ) from the thinly coated undoped samples shown in Figures 4(a) and 4(b) is consistent with the coatings being nanocrystalline diamond.
FE measurements were performed on the original CNT arrays and the undoped and B-doped diamond-coated teepees using a parallel-plate configuration in a vacuum chamber at 5 Â 10 À7 Torr. The samples acted as the cathode, and a phosphor screen coated with a 10 nm layer of gold or aluminum acted as the anode, with a silica spacer maintaining a fixed separation of d ¼ 150 lm between the two plates. The emission current, I, was measured as the voltage on the anode, V, was increased. For the uncoated CNT samples, several "conditioning" runs were required before a stable I-V curve could be achieved, but for both the diamond-coated teepee samples, no conditioning was necessary -the I-V curves were reproducible from the first measurement. The phosphor screen emitted light when struck by the FE electrons, and this permitted the area over which the electron emission occurred, A, to be estimated. To normalize the data, therefore, we have plotted emission current density,
) and also as a Fowler-Nordheim plot 15 (ln(J/E 2 ) versus 1/E), as shown in Figure 6 . For approximately the same measured current, we observed that the emission from the CNT arrays came from a much larger area than that from the teepees, and therefore the current density for the CNT arrays is much smaller.
As can be seen from Figure 6 , the data are consistent with the Fowler-Nordheim model for electron emission via tunneling through a potential barrier for both the CNT and teepee samples. 15 The threshold field corresponding to an electron emission density of 0.01 mA cm À2 from the uncoated CNTs was $3.13 V lm À1 , which is consistent with values reported in the literature for similar CNT systems. , the D and G bands due to disordered sp 2 carbon at $1350 and 1550-1600 cm À1 , respectively, and the "nanodiamond" peak at $1120-1180 cm À1 due to sp 2 carbon at the grain boundaries of nanocrystals. 33 As expected, the diamond peak shows no dispersion (increase in peak wavenumber with excitation energy), whereas the G-band shows a only small dispersion. The nanodiamond peak shows a substantial dispersion consistent with the value of $31 cm À1 /eV reported by Wagner and co-workers. For the undoped diamond-coated CNT teepees, the threshold field increased to 7.46 V lm
À1
, presumably due to the insulating nature of the diamond coating through which the electrons have to travel to reach vacuum. Consistent with this model, for the conducting B-doped-diamond-coated teepees, the threshold field was $3.0 V lm
. Stability tests were performed on the 3 types of sample by measuring the emission current as a function of time for a period of 2000 min (33 h). Again, due to the larger emission area for the uncoated CNTs, the emission density was lower for these than for the teepees. This means that the CNTs were not being driven as hard as the teepees, and might therefore be expected to have a longer lifetime. In fact, the opposite is true. As can be seen from Figure 7 , the two teepee samples showed less variation with time (flicker) than the CNT sample, with no drop-off in intensity for the whole testing period. In contrast, the uncoated CNT sample showed considerable flicker, and the emission current gradually decreased with time due to progressive nanotube burn-out, with the test ending when the current density became too low at $1000 min.
IV. CONCLUSIONS
In summary, we have described a novel method to fabricate diamond-coated CNTs resulting in teepee-shaped structures which are ideal for FE applications. Due to their density, morphology, and uniformity, such teepee structures may also be useful as electrochemical electrodes and in hydrogen storage applications. A conducting B-doped diamond coating on these teepees exhibits the same desirable low FE threshold voltage of uncoated CNTs, while significantly improving the lifetime, stability, and flicker characteristics. We propose that this may be due to the combination of the excellent electrical conductivity and transport properties of the CNTs, the good electrical contact between the CNT and the Si substrate, and the robust NEA surface of the diamond coating. The fact that 30-40 CNTs form each teepee structure may allow an increased current through the tip (compared to that from a single CNT), despite the field enhancement factor being smaller for the larger morerounded teepee tip than for a single sharp CNT. Another factor may be the physical separation of the teepee structures (typically 1-2 lm) which may help reduce space-charge effects that often limit emission current in densely packed devices.
There are still many parameters, such as the length, areal density, and thickness of the CNTs, the diamond growth morphology (microcrystalline, nanocrystalline), B-doping level, growth time, and other diamond surface terminations to vary the NEA properties (H, CsO, LiO, etc), which still need to be explored to optimize the FE characteristics, and these experiments are currently underway.
